Abstract: Improving survival rates following pediatric bone marrow transplantation (BMT) will likely result in greater numbers of children progressing to end-stage renal disease (ESRD) because of prior chemotherapy, irradiation, sepsis, and exposure to nephrotoxic agents. Renal transplantation remains the treatment of choice for ESRD; however, the safety of renal transplantation in this unique population is not well established. We report our experience with living related renal transplantation in three pediatric patients with ESRD following prior BMT. Two patients with neuroblastoma and ESRD because of BMT nephropathy, and one patient with Schimke immuno-osseous dysplasia and ESRD because of immune complex mediated glomerulonephritis and nephrotic syndrome. Age at time of BMT ranged from 2 to 7 yr. All patients had stable bone marrow function prior to renal transplantation. Age at renal transplant ranged from 8 to 14 yr. All three patients have been managed with conventional immunosuppression, as no patient received a kidney and BMT from the same donor source. These patients are currently 7 months to 6 yr status post-living related transplant. All have functioning bone marrow and kidney transplants, with serum creatinine levels ranging 0.6-1.2 mg/dL. There have been no episodes of rejection. One patient with a history of grade III skin and grade IV gastrointestinal-graft-vs.-host disease (GI-GVHD) prior to transplantation, had a mild flare of GI-GVHD (grade I) post-renal transplant and is currently asymptomatic. The incidence of opportunistic infection has been comparable with our pediatric renal transplant population without prior BMT. One patient was treated for basal cell carcinoma via wide local excision. Renal transplantation is an excellent option for the treatment of pediatric patients with ESRD following BMT. Short-term results in this small population show promising patient and graft survival, however long-term follow-up is needed. Pre-existing immune system impairment and bone marrow function should be taken into consideration when weighing different immunosuppressive agents for renal transplantation. Patients who have undergone renal transplantation following BMT are at high risk for opportunistic infections and malignancy, and need life-long medical surveillance.
The first successful allogeneic BMTs in humans were carried out in 1968. Since then, use of allogeneic or autologous HSCT has increased dramatically, with an estimated 40-50 000 HSCTs worldwide in 2001 (1) . Long-term patient survival has also increased owing to effective pretransplant regimens, improvement in prophylaxis of GVHD, and the overall advances in supportive care (2) . With increasing survival after BMT, the number of patients suffering from organ damage is also rising. BMT nephropathy has been described as the development of chronic renal failure, azotemia, hypertension and disproportionate anemia, occurring 100 days or more after BMT in the absence of known nephrotoxins (3) . Examination of renal biopsy specimens via light microscopy demonstrates mesangial and endothelial cell dropout with widening of glomerular capillary loops. Electron microscopy reveals subendothelial expansion of the glomerular basement membrane (3, 4) . BMT nephropathy affects between 0.8 and 9.5% of adults and as many as 54% of children who undergo BMT (5) . Slowing progression of BMT nephropathy may be possible with angiotensin-converting enzyme inhibitors or angiotensin II receptor blockers, however progression to ESRD can occur (6) . Patients who develop ESRD after BMT have a significantly decreased survival as compared with other causes of ESRD (6) . Risk factors for the development of acute renal failure following BMT include: pre-existing renal impairment, toxicity of conditioning regimens, marrow infusion toxicity, nephrotoxic medications, impaired renal function closely associated with liver impairment, thrombotic thrombocytopenic purpura, infections, and acute GVHD (7) . The predictive value of transient ARF for renal function in long-term survivors remains controversial. In the report of Van Why et al. (8) , renal impairment during the early phase following HSCT was not predictive for later renal impairment. In contrast, Kist-van Holthe et al. found chronic renal insufficiency 1 yr after BMT correlated with a high serum creatinine within 3 months of BMT (9) . Favorable outcomes of renal transplantation following adult BMT have been reported (2, 10-13), however, outcomes in pediatric recipients have not been well described. Because of this lack of information regarding outcomes of pediatric patients undergoing renal transplantation after prior BMT, we analyzed our single center experience.
Patients and methods

Case 1
AA presented at 2 yr of age with vomiting, abdominal distension, and IVC obstruction. A CT scan revealed a large abdominal mass displacing the right kidney across the midline. The diagnosis of stage III neuroblastoma was made. AA received emergent radiation secondary to IVC obstruction (1800 cGy), was treated with the CCSG 321-P2 protocol, and underwent surgery to remove the right adrenal tumor. Later the same year she received pre-BMT conditioning with Cisplatin (CDDP) Teniposide (VM-26), melphalan, and TBI (1000 cGy) in preparation for allogeneic BMT. She received a BMT at the University of Minnesota from an HLA identical brother. Serum creatinine at the time of BMT ranged from 0.9 to 1.2 mg/dL. Over the next 10 yr AA's post-BMT course was complicated by CMV pneumonitis, delayed puberty, persistent short stature secondary to ovarian failure, hypothyroidism, cardiomyopathy, failure to thrive requiring G-tube placement, and progressive chronic renal failure with tubular electrolyte wasting. At 12 yr of age AA received a preemptive renal transplant from her aunt (one DR match) at the University of Michigan. The bone marrow donor was <18 yr of age, and therefore did not serve as the patient's kidney donor. No induction therapy was given. She was initially treated with cyclosporine, prednisone and mycophenolate mofetil, but was converted to tacrolimus secondary to gingival hyperplasia and hirsuitism. At 16 yr of age she was diagnosed with basal cell carcinoma of her forehead and underwent wide local excision with a full-thickness skin graft. AA is currently 6 yr status post-renal transplant and has a creatinine of 0.7 mg/dL (Table 1) .
Case 2
BB is the product of a 34 wk gestation born to a 29-yr-old healthy woman G 2 P 1 without known teratogen exposures (14) . He exhibited growth retardation, bilateral cryptorchidism, and crossed fused ectopic right-sided kidney (without renal impairment) but was otherwise healthy. At 4 yr of age, he developed proteinuria that progressed to nephrotic syndrome. An open renal biopsy demonstrated minimal focal and segmental mesangial proliferation and IgG, IgA, IgM, C3 and C1Q deposition consistent with immune complex nephritis. Angiotensin-converting enzyme inhibitor therapy was begun to decrease proteinuria. At 4.25 yr of age he was noted to have persistent neutopenia (absolute neutrophil count of 874/mm 3 ). His bone marrow displayed 30% trilineage hypocellularity, and results of investigations for bone marrow syndromes were negative. He developed multiple systemic infections, prompting a G-CSF trial, which normalized his absolute neutrophil count. Lymphopenia with T-cell depletion (CD3, CD4, and CD8 deficiencies) and spared B-cell function progressed. These findings along with mild dysmorphic features and radiographic evidence of spondyloepiphyseal dysplasia suggested the diagnosis of Schimke immuno-osseous dysplasia. At 6 yr of age, BB underwent an allogeneic BMT (HLA identical brother) at the University of Michigan. His conditioning therapy consisted of oral busulfan, and intravenous cyclophosphamide. GVHD prophylaxis consisted of intravenous tacrolimus and methotrexate. Engraftment occurred (absolute neutrophil count >500/mm 3 ) on day 12, but acute GVHD (grade III skin, grade IV GI) developed on day 26.
His GI-GVHD failed to respond to methylprednisolone and intravenous mycophenolate, and he did not tolerate antithymocyte globulin. Because of progressive GI-GVHD, anti-CD2 monoclonal antibody therapy was given and led to resolution of GI-GVHD. Intermittant anorexia, nausea, and vomiting required transpyloric gastrojejunal tube feedings. His post-BMT course was further complicated by malignant hypertension, decreased bone maturation, impaired growth and diabetes mellitus. He developed progressive nephrotic syndrome requiring albumin infusions. By 7 months after BMT, he required hemodialysis. At 20 months following BMT, he received a kidney from his father (1 haplotype) at the University of Michigan. The bone marrow donor was <18 yr of age, and therefore did not serve as the patient's kidney donor. BB received Simulect Ò (Novartis Pharmaceuticals Corporation, East Hanover, NJ, USA) induction and was initiated on cyclosporine, prednisone, and mycophenolate mofetil immunosuppression. He was later converted to tacrolimus and prednisone because of GI intolerance of mycophenolate. BB is now 3 yr 8 months status post-living related renal transplant with full hematologic engraftment, and stable renal transplant function (Table 1) . He experienced a Grade I GI GVHD flare 6 months following renal transplant, and an episode of adenoviral gastroenteritis 22 months following renal transplant. His serum creatinine is stable at 0.6 mg/dL, and he has had no post-transplant malignancies to date.
Case 3
CC was diagnosed at 18 months of age with stage IV neuroblastoma after presenting with an abdominal mass. He was treated with CCSG protocol 321-P2, (2100 cGY) of radiation to the tumor and debulking surgery. He experienced a relapse of his neuroblastoma at 3 yr 8 months of age. At the time of his relapse, CC could not receive standard melphalan and TBI because of his prior radiation therapy. Therefore he was treated with busulfan, carboplatin, and thiotepa. CC underwent autologous BMT at 4 yr of age at Harker Hospital. Serum creatinine following BMT was 0.8 mg/dL. Following BMT, CC experienced veno-occlusive disease of the liver, esophageal varices, seizure disorder, short stature, failure to thrive, and progressive chronic renal failure with tubular dysfunction. At 14 yr of age CC received a preemptive renal transplant from his father (one haplotype) at the University of Michigan. He received Simulect Ò induction and tacrolimus, prednisone, and mycophenolate mofetil maintenance immunosuppression. CC experienced transient hyperglycemia within the first 30 days following renal transplant but did not require insulin therapy. He underwent a percutaneous renal transplant biopsy 6 months post-renal transplant for a serum creatinine of 1.4 mg/dL. Biopsy findings were consistent with tacrolimus toxicity, and his creatinine has returned to baseline (1.2 mg/dL) with a reduction in his tacrolimus dose. BB is currently 7 months following renal transplant and has been without opportunistic infections or secondary malignancies (Table 1) .
Discussion
Over the years there have been numerous advances that have led to improved outcomes and quality of life for pediatric patients with ESRD. Refined surgical techniques, improved immunosuppressive protocols, and better management of children before and after transplantation have led to superior patient and graft outcomes following pediatric renal transplantation. The pediatric renal transplant community is now challenged with caring for a new patient population, the pediatric bone marrow recipient with ESRD. These children have been exposed to past chemotherapy, irradiation, and immunosuppression. However, they may also present with preexisting GVHD, cardiovascular disease, bone disease, diabetes mellitus, gonadal failure, short stature, sequelae of past opportunistic infections, increased risk of developing recurrence of their primary malignancy, and increased risk of developing a secondary malignancy. Therefore before proceeding with renal transplantation, the potential benefit of renal transplantation should be weighed against the possible risk of malignancy and other complications (13 The risk was higher for recipients who were younger at the time of transplantation. In multivariate analyses, higher doses of total-body irradiation were associated with a higher risk of solid cancers. Chronic GVHD and male sex were strongly linked with an excess risk of squamouscell cancers of the buccal cavity and skin (15) . Solid organs contain immunologically significant Ôpassenger lymphocytesÕ (11) . These cells of donor origin migrate and widely populate the tissues of the recipients, potentially resulting in a state of microchimerism, which has been hypothesized to be potentially tolerogenic as well as immunogenic. These donor-derived white cells and antigen presenting cells may initiate GVHD and, theoretically might influence the host's immune system and allow grafts to be accepted long-term with reduced immunosuppression (immunologic tolerance) (11). Sayegh et al. (10) , have demonstrated that persons who have successful BMT and who develop ESRD may be specifically tolerant and may safely receive a kidney from the same donor without immunosuppression. These findings have subsequently been confirmed (3, 12, 13, 16, 17) . It has been stressed that recipients should be carefully followed for symptoms and signs of GVHD (10) ( Table 2 ).
In considering post-BMT patients for renal transplant, it is important to consider the relationship of the recipient, the BMT donor, and the renal transplant donor. As has been well demonstrated, the need for immunosuppression postrenal transplant is totally obviated when the bone marrow and the kidney donor are from the same individual (Table 2 , scenario I). What is less clear, are the relative risks for malignancy, infection, and other immunosuppressive related morbidities in each of these three scenarios. One could speculate that there will be issues that arise which are unique for each situation. While some of these differences may reflect the conditioning regimen prior to allogeneic BMT compared with autologous BMT, it is possible that a recipient of two allogeneic transplants from two unique individuals (scenario III) is biologically distinct from the recipient of a renal transplant postautologous BMT (scenario II). If this hypothesis is true, one group of patients may benefit from different immunosuppressive strategies postrenal transplant.
Two recent reports have examined adult BMT recipients who have gone on to undergo renal transplantation. In the first by Hamawi et al. (2), kidney transplantation was performed in 10 pts with BMT nephropathy. In six patients, the kidney donor was the BMT donor. These individuals were given no long-term immunosuppression. Four other patients received kidney transplants from donors who were not the marrow donor (two living donors, two cadaveric donors). After a median follow-up of 34 months, no patient had an episode of acute rejection. All graft losses (n ¼ 4) resulted from patient death. Three deaths were due to infectious processes (including two infectious deaths in patients not on immunosuppression), one from myocardial infarction/PTLD. Median estimated actuarial patient and graft survival (Kaplan-Meier) was 105 months (2) . In a second single center study by Butcher et al. (13) six patients with ESRD following BMT underwent renal transplantation. In three recipients the bone marrow and kidney were from the same donor. They were managed without any immunosuppressive therapy. The patients were followed up for 31 months We present three pediatric patients with a history of BMT and went on to develop ESRD requiring renal transplantation. All three patients had stable bone marrow function and were without evidence of active GVHD at the time of renal transplantation. Two of the three patients had a primary diagnosis of neuroblastoma. In a retrospective study by Lane et al. (18) , 30 pediatric BMT recipients requiring dialysis for acute renal failure early after BMT were retrospectively evaluated. Patients requiring dialysis were not significantly different from the general pediatric BMT population except for: a greater proportion of neuroblastoma patients in the dialysis group, and that there were fewer autologous and more unrelated BMT donors in the dialysis group (18) . It was postulated that renal functional reserve might have been reduced in these patients by previous aggressive chemotherapy, tumor debulking procedures which sometimes necessitated nephrectomy, or prior abdominal irradiation (18) .
Our two BMT recipients with prior neuroblastoma developed chronic renal failure that over a 10-yr period progressed to ESRD secondary to BMT nephropathy. Although several factors may contribute to the onset of BMT nephropathy, the underlying pathophysiology can be attributed to endothelial damage and coagulation abnormalities (7, (19) (20) (21) (22) . Other chronic renal diseases have been reported occasionally. Membranous nephropathy has been found in a number of adult patients after HSCT (23) (24) (25) (26) (27) (28) (29) as has minimal change nephropathy (30) and focal segmental glomerulosclerosis (7, 31) .
In summary, renal transplantation is an excellent option for pediatric patients with ESRD following BMT. Careful attention needs to be paid to bone marrow function and pre-existing immune system impairment when weighing different immunosuppressive agents for renal transplantation. These pediatric patients need vigilant medical surveillance of multiple organ systems following their bone marrow and kidney transplants, with particular focus on opportunistic infection and malignancy. Larger scale outcome analyses will provide further insight into the long-term prognosis of patients who undergo BMT and renal transplantation. Additional efforts are required to develop optimal immunosuppressive regimens for the combined BMT/ kidney recipient. Finally, newer reno-protective strategies will be vitally important to reduce the incidence of chronic kidney disease and progression to ESRD in the BMT population in the future.
